The outcome after infection with the human immunodeficiency virus type 1 (HIV-1) is a complex phenotype determined by interactions among the pathogen, the human host and the surrounding environment. An impact of host genetic variation on HIV-1 susceptibility was identified early in the pandemic, with a major role attributed to the genes encoding class I human leukocyte antigens (HLA) and the chemokine receptor CCR5. Studies using genome-wide data sets have underscored the strength of these associations relative to variants located throughout the rest of the genome. However, the extent to which additional polymorphisms influence HIV-1 disease progression, and how much of the variability in outcome can be attributed to host genetics, remain largely unclear. Here we discuss findings concerning the functional impact of associated variants, outline methods for quantifying the host genetic component and examine how available genome-wide data sets may be leveraged to discover gene variants that affect the outcome of HIV-1 infection.
t h e I m m u n o l o g y o f h I V
Three decades of research has resulted in a massive amount of information about the pathogenesis and treatment of HIV-1, much of which is applicable to the general understanding of immunology, virology, host genetics and related disciplines. The development of combined antiretroviral therapy (cART) has been astonishingly effective in extending the lives of people who are infected and curbing the spread of HIV-1. Nevertheless, these drugs do not completely eliminate the virus from its cellular reservoir, and development of an effective preventive or therapeutic vaccine remains a major hurdle. The goal of the HIV-1 genetics community is to identify host genetic variation that has an impact on pathogenesis in order to direct the design of therapeutics and vaccines. To date, the main focus has been on identifying phenotypes of differing susceptibility to infection (including in the general population and in high-risk groups that have been exposed but not infected) or markers of disease severity, including viral load (HIV-1 RNA copies per milliliter of plasma), rate of CD4 + T cell decline and time to development of AIDS (Fig. 1) .
It is broadly accepted that a minority of people are resistant to HIV-1 infection 1 . However, homozygosity for the CCR5 deletion mutation CCR532 is the only genotype that has been consistently identified to protect against HIV-1 infection. Several other variants have been proposed to confer similar protection 2 , but the results have not been replicated in other cohorts, nor have these (or any other variants) been identified in genome-wide association studies (GWAS) of protection against HIV-1 infection 3, 4 . These data indicate that any other genetic effects that protect against infection are of low penetrance or frequency or involve a more complex interaction between two or more genetic variants.
Severity of disease after infection is similarly variable. This variability has often been quantified in nonascertained, population-level samples by measurement of viral load or rate of CD4 + T cell decline or through observation of individuals with extreme progression phenotypes 5 . The majority of knowledge about the impact of host genetic variation on HIV-1 outcome has been gained through studies of historical cohorts collected before the development of cART. Among the most valuable cohorts are those including patients for whom seroconversion dates can be determined to within several months or less. Studies of these cohorts were the first to identify specific HLA alleles as the primary determinants of rate of progression to AIDS [6] [7] [8] [9] . Seroprevalent cohorts have identified similar HLA associations 10 , though some differences across cohorts may be due to distinct, albeit related, outcomes.
Many other variants throughout the genome have been claimed to have an association with outcome after HIV-1 infection, but only variation within or near the HLA genes and, to a lesser extent, the CCR5 locus have been replicated in large GWAS 11, 12 . Though these studies confirm the primary impact of variation in HLA genes on HIV-1 outcome, they do not address the role of variation in complex genetic regions such as those encoding T cell receptors (TCRs) and immunoglobulins, owing to variation in copy number and/or somatic recombination 13 . For example, variation in the genes encoding killer immunoglobulin-like receptor (KIR) proteins, particularly KIR3DL1 and KIR3DS1, has been associated with HIV-1 outcomes in many genetic and functional studies 10 , but these have not been identifiable by GWAS, almost certainly because of the extreme inter-and intragenic diversification of the KIR haplotypes 14 . Given that GWAS provides an 'agnostic' approach to analysis of single-nucleotide polymorphisms (SNPs), they do not assess pairs of functionally related 5 7 8 VOLUME 16 NUMBER 6 JUNE 2015 nature immunology r e V I e w variants (linked or unlinked) that may act in a dependent manner. Again, the KIR locus serves as an example, as variation in KIR genes is functionally relevant only in the presence of alleles encoding their specific (unlinked) HLA ligands; the absence of these HLA alleles seriously dilutes any effect of the corresponding KIR loci.
Studies have begun to investigate the functional impact of associated variants, tease out more complex associations between HIV-1 outcome and genetic variation and quantify the overall contribution of host genetics to variability in disease progression. Here we will concentrate on these approaches and outline areas of interest for future investigations.
Nonclassical effects of classical HLA-encoding genes A wealth of functional and genetic data has implicated HIV-1 peptide presentation by HLA class I as a main determinant of disease progression. The first HIV-1 GWAS 15 confirmed a major effect of HLA-B*57 (tagged by rs2395029) on lowering viral load and slowing CD4 + T cell decline. This effect had been identified in a genetic study in 1996 (ref. 6) , and overwhelming evidence in support of it was reported 4 years later 16 . Although a strong protective effect of HLA-B*57 has been observed repeatedly in HLA-targeted studies and in GWAS, it should be noted that the majority of HIV-infected individuals carrying HLA-B*57 actually progress to disease at a rate similar to that of those without HLA-B*57. No single genetic variant yet identified uniformly confers elite control of HIV-1, and it is likely that additive or synergistic effects of multiple genetic variants are required for HIV-1 control, as seems to be the case for HLA-B*57.
A later GWAS focusing on HIV-1 controllers (individuals who maintain extremely low viral load in the absence of therapy) again implied that diversity at the HLA-B gene is the primary host genetic influence and identified key amino acid positions in the peptidebinding groove of HLA-B that were strongly associated with HIV-1 control 12 . This approach was facilitated through the development of computational methods to accurately infer common classical HLA types and variant amino acid positions by imputation from GWAS data 17 . The ability to obtain information on functional variation in this key region of the genome on the basis of genotypes from commercial arrays has broad utility that extends beyond HIV-1 and has been successfully applied to several other traits with a strong HLA component [18] [19] [20] [21] .
In addition to HLA-B, a variant located 35 kb upstream of the HLA-C gene (rs9264942) was shown to contribute independently to set-point viral load and to HIV-1 control 12, 15 . Importantly, this SNP is also associated with differential expression levels of HLA-C mRNA and HLA-C on the cell surface 22, 23 (i.e., it is an expression quantitative trait locus), and genotypes of rs9264942 that correlated with higher HLA-C expression were also associated with better HIV-1 control 23 . These data suggested that the level of expression represented a mechanism by which variation at loci encoding class I HLA molecules may influence human disease. Although this idea was novel for an HLA locus, the level of expression of major histocompatibility complex (MHC) class I had been shown to affect risk of Marek's disease in chickens 24 -low expression of MHC class I molecules, which are 'promiscuous' in peptide binding, associates with resistance to disease 25 .
Determining a causal effect of HLA-C expression on HIV-1 control was not without controversy, largely owing to the strong linkage disequilibrium between the HLA-B and HLA-C genes. Because of this, it was proposed that the associations between rs9264942 and HIV-1 outcomes were due primarily to HLA-B alleles that are also in linkage disequilibrium with rs9264942 rather than to HLA-C expression levels 26 . To address this concern, follow-up approaches using population genetics, molecular genetics and functional assays were required to determine whether HLA-C expression has a direct effect on HIV-1 control (Fig. 2) .
Differences in linkage disequilibrium patterns across population backgrounds have been proposed as a powerful mechanism to fine map causal variants from disease-association studies 27 . In line with this, although the association between rs9264942 and HIV-1 control did not hold up in populations of African ancestry, the link between HLA-C cell surface abundance and HIV-1 control was consistent in HIV-infected individuals of both European and African descent 28 . These population-based analyses supported the model that levels of HLA-C expression have a direct effect on HIV-1 outcome, whereas rs9264942 has no direct effect on HLA-C expression or HIV-1 disease. Subsequently, it was shown that a polymorphic microRNA148a (miR-148a) binding site in the 3′ untranslated region (UTR) of HLA-C (in strong linkage disequilibrium with rs9264942 in people of European ancestry) was partly responsible for differential expression of HLA-C alleles 29 . Some HLA-C alleles carry an intact binding site and are inhibited by miR-148a, whereas others escape its (a) Genetic studies of pre-infection phenotypes have focused on susceptibility by comparing samples from HIV-1-infected people to the general population or to cohorts of high-risk exposed-uninfected individuals. Studies of disease progression in infected groups have commonly used set-point viral load, rate of CD4 + T cell decline and time to AIDS or death as markers of progression. Other phenotypes with potential impact on susceptibility to infection or severity of disease-including degree of immune activation, magnitude of acute viremia and the size of the latent reservoir-may also be informative. (b) A commonly proposed model of genetic architecture of disease traits in which variant frequency is inversely correlated with variant impact. Common variants (>1% frequency) of moderate to low effect size can be detected in large patient samples by GWAS using genotyping arrays. Rare variants (<1%) can be detected by sequencing studies that provide base-pair-level resolution. (c) Curves showing the sample size required for 80% power to detect common (5%, 10% and 30%) and rare (1% and 0.5%) genetic variants across a range of effect sizes (odds ratio) at genome-wide significance (P < 5 × 10 −8 ). Curves were modeled on case-control studies assuming an equally distributed sample (n cases = n controls) and a trait prevalence of 5% (the approximate population proportion of viremic controllers) 72 . The diamonds indicate the properties of the well-described effects of HLA-B*57:01 (5% population frequency) and CCR5∆32 heterozygosity (10% population frequency) with odds ratios as reported in HIV-1 controllers 12 . The dashed line is set at a sample size of 2,500, the largest published GWAS of HIV-1 progression phenotypes to date 11 . Variants affecting HIV-1 progression with properties falling above the dashed line would not have been detected by current studies. npg r e V I e w binding (and inhibitory effect) owing to variation in the seed region to which miR-148a binds 29 .
Variation in the MIR148A gene (located on chromosome 7, unlinked to the HLA genes) also associates with levels of miR-148a expression, affecting the degree of downregulation of HLA-C alleles that have an intact miR-148a binding site in the 3′ UTR 30 . Higher expression of miR-148a resulted in lower expression of HLA-C and poorer HIV-1 control, but only in individuals carrying alleles with an intact miR-148a binding site. There was no effect of the MIR148A variant on HLA-C expression or HIV-1 control among those carrying HLA-C alleles that escape miR-148a regulation. As the escape variant is fixed at the HLA-B locus (i.e., no HLA-B allele is regulated by miR-148a), these molecular-genetic data strongly support a direct effect of HLA-C expression on HIV-1 that cannot be attributed to alleles of HLA-B.
Another approach to distinguishing the causal effect of HLA-C expression from that of closely linked loci was the analysis of host-viral sequence associations and cytotoxic T lymphocyte (CTL) functional data 28 . Viral sequence data from nearly 2,000 individuals showed that the relative frequency of escape mutations (in predicted HLA-C-restricted epitopes) associated with increasing HLA-C expression, suggesting that high-expressing HLA-C alleles mediate greater selection pressure on the virus. These data substantiated a study in Han Chinese people that found that viral mutations in HLA-C-associated epitopes occurred more commonly among individuals homozygous for high-HLA-C expression alleles as marked by rs9264942 (ref. 31) . Further functional data were generated from a data set of CTL responses to overlapping peptides across the HIV-1 proteome in 1,010 HIV-1-infected South Africans 32, 33 . These data showed a strong positive correlation between the relative frequency of responses to specific HLA-C-restricted peptides and the level of expression of the allotype 28 . Such functional data lend further support to a model in which levels of HLA-C expression have a direct effect the on control of HIV-1. Interestingly, expression level of HLA genes (not just HLA-C) has been linked, directly and indirectly, to other diseases, including Crohn's disease 28 , graft-versus-host disease after unrelated hematopoietic cell transplantation 34 , hepatitis B virus infection 35 , spontaneous clearance of hepatitis C virus 36 and Parkinson's disease 37 . Higher HLA expression initiates CTL cytotoxicity 38 and modulates CTL cytokine secretion 39 more efficiently. Given these observations, further understanding of the impact of differential expression of alleles at all HLA loci should be pursued.
Heritability of disease progression and tolerance
Host genetic background (specifically in the HLA and CCR5 regions) strongly influences outcome of HIV-1 infection. Understanding what and how additional host genetic, viral and environmental factors contribute to the variation in disease progression can help drive intervention strategies. To date, HLA and CCR5 loci have been estimated to explain ~13% of variation in viral-load set point 11 . However, an essential question in understanding all complex phenotypes (including HIV-1 progression) is what amount of the observed trait variation can be attributed to human genetic background overall (i.e., heritability). For HIV-1 infection in particular, it is unclear whether disease progression is affected by common genetic variants outside the HLA and CCR5 genes. Estimating the total heritability of disease progression and understanding how it may be distributed across different classes of genetic variants (such as common SNPs, rare variants and copy-number variants) can inform on what types of study may have the highest impact. This concept has been elegantly applied in the context of many complex-trait GWAS, often showing that loci present on genotyping arrays (or robustly inferred through genotype imputation) falling below the strict statistical thresholds can collectively explain much of the trait variability not attributable to loci of genome-wide significance 40, 41 . This method measures the correlation between phenotypic similarity and genotypic similarity among unrelated individuals across a large number of common SNPs to quantify narrow-sense heritability 41 (i.e., the heritability explained by additive genetic effects) and can help provide understanding of how regulatory variation functions in common diseases. For example, in a study of 11 common diseases, SNPs in DNase I-hypersensitive sites explained, on average, 79% of the heritability measured by GWAS 42 .
In addition to host genetic effects, viral sequence variation (which itself is influenced by host genetic background) is also known to affect HIV-1 infection outcome. A study of 137 heterosexual transmission pairs from Zambia showed that the viral quasi-species transmitted was selected to have amino acid sequences predicted to confer greater viral fitness in vivo 43 . Several studies have also investigated the contribution of viral sequence variation to viral load 44 . Though these studies vary in methodology, combining evidence across them results in an estimate that 33% (with a 95% confidence interval of 20-46%) of the variation in viral-load set point can be attributed to the viral sequence 44 . This degree of heritability was proposed to be the result of HIV-1 evolution to maximize long-term transmission by optimizing the trade-off between high virulence (short life span of host but high viral transmission) and low virulence (long host life span, npg r e V I e w low viral transmission) 45 . Importantly, however, models of the rates of within-and between-host viral evolution suggest that immune selection pressure within a given host (for example, escape from HLA recognition) may be the dominant driver of viral sequence variation and can also explain the heritability in viral load measured through the viral sequence 46 . Similarly, the use of HIV-1 sequence variation as the phenotype in a GWAS including paired virus and host genetic data for 1,071 affected individuals showed a markedly stronger influence of HLA genes on viral sequence than on viral load 47 . Thus, the higher heritability linked to viral sequence than to the host component (33% and 13%, respectively) suggests that current studies may underestimate the host influence on disease outcome. Identifying the source of this missing heritability of viral load is of great interest. Even if the contribution of host and viral genetics were fully accounted for, it is highly unlikely that 100% of the variation in viral load would be explained. There is no doubt that environmental and behavioral factors have a large role in determining disease outcome. In a study of 510 Africans infected with HIV-1, a combination of host genetic and behavioral factors explained up to 44% of the variation in HIV-1 progression 48 , with HLA genes making the largest individual contribution. Replication of these results in larger studies and determination of which environmental factors are major contributors to disease progression will be of great interest.
As discussed above, genes encoding class I HLAs exert significant selection pressure on HIV-1. This pressure is due to the presentation of viral epitopes to the cellular immune system, resulting in escape mutations that often lead to a fitness cost [49] [50] [51] [52] . Several studies have focused on the consequences of this selection pressure for viral sequence diversity over time at the population level. A study of 2,800 HIV-1-infected individuals across five continents showed a correlation between the frequency of HLA-induced escape mutations in the viral sequence and the population frequency of the allele driving escape 53 . This relationship was maintained when individuals carrying the escape-driving allele were excluded, showing an absence of reversion mutations after HIV-1 transmission. The importance of this effect was underscored by the observation that the increase in frequency of an escape mutation away from isoleucine at position 135 in HIV-1 reverse transcriptase has resulted in the loss of the protective effect conferred by HLA-B*51 in the Japanese population (where that allele is at high frequency) 53 .
Several other studies have convincingly shown an increase in the frequency of HLA-induced mutations over time in population samples, although the rate at which this is occurring and its estimated impact on the epidemic have differed across studies. Comparison of HIV-1 sequence data from 358 men who have sex with men infected with HIV-1 early in the epidemic to a sample of 382 more recently 55 , nor was an increase in frequency of escape mutations from these alleles. And there was no difference in impact between populations for alleles that associate with higher viral load. Whether this discrepancy is due to different dynamics of viral escape and compensation for these alleles or some other mechanism is unclear. A lower viral replication capacity in isolates from Botswana suggested a lower overall HIV-1 virulence, as HIV-1 has evolved to preserve the longevity of its host. However, the observation of decreased virulence due to longer duration of disease in Botswana is in contrast to other studies in general. A summary of published reports investigating trends in viral load and CD4 + T cell decline identified 32 such studies and observed a relatively equal division among those reporting increased virulence (11 studies), decreased virulence (9) and stable virulence (12) 56 . A detailed investigation of the subset of 20 studies that included sufficient information for meta-analysis resulted in a summary effect of decreasing baseline CD4 + T cell counts and increasing viral load, consistent with an increasing virulence 56 . Data on the rate of disease progression across distinct populations is the ultimate acid test for determining the impact of differential viral evolution on the epidemic. However, such data are difficult to acquire given the widespread use of ART and would be difficult to interpret owing to confounding factors such as environmental effects. Understanding the effects of host genetic pressure on HIV-1 diversity over time and how this may influence the broader pandemic will attract much attention.
The idea of pathogen tolerance, in which the host remains healthy despite a relatively high pathogen burden (in contrast to resistance), has been quantified in a population of HIV-1-infected patients from Switzerland 57 . Tolerance was defined as a reduction in CD4 + T cell decline despite high viral loads. Though this study did not show a relationship between tolerance and protective HLA alleles, in contrast to the data from Botswana, the authors observed variation in tolerance when HLA-B alleles were considered in combination. For example, npg r e V I e w individuals homozygous for B*35:01 had the lowest tolerance, whereas those heterozygous for HLA-B*07:02 and HLA-B*39:01 had the highest. This suggests that in addition to its impact on viral load, host genetic background has an effect on rate of disease progression that is at least partially independent of viral load.
Leveraging public data to understand HIV-1 biology In addition to large cohort studies of disease traits, researchers in human genetics have undertaken large-scale population-sequencing studies that give an increasingly comprehensive picture of genetic variation in both coding and noncoding regions of the genome. Studies such as the 1000 Genomes Project 58 , the US National Heart, Lung, and Blood Institute Grand Opportunity Exome Sequencing Project (ESP) (https://esp.gs.washington.edu/drupal/) and the Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org) have compiled variation information for >60,000 individuals. Though these data do not directly inform on HIV-1 disease progression, they provide a rich resource for hypothesis generation, in particular when combined with screens that directly interrogate genes required for HIV-1 replication, such as host and virus protein-protein interaction 59 or screens for HIV-1 dependency factors 60 .
Although the systematic scans outlined above have identified hundreds of human proteins that either directly interact with HIV-1 or are required for viral replication, variation in their encoding genes does not affect HIV-1 disease outcomes by genome-wide studies. This may reflect the fact that these proteins do not harbor common variants (i.e., they are more conserved) and there is insufficient statistical power to identify them by GWAS without samples sizes much larger than those currently available. This hypothesis could be investigated through identification of individuals harboring protein-changing variants in these genes and testing of their cellular susceptibility to infection in vitro. This strategy might be most fruitful for identifying HIV-1 dependency factors that can be partially or fully deleted in human populations without being lethal and whose loss of function in humans results in reduced HIV-1 susceptibility in vitro (Fig. 3) . CCR5 fits both criteria; like CCR5, such genes would have immediate utility as drug targets.
Alternatively, variation in host genes that interact with HIV-1 may encode functionally redundant molecules whose modification (or ablation) is easily compensated for by products encoded by other genes. Compensatory variation in related genes may have arisen evolutionarily, such that a deleterious variant in one gene may show significant association with an unlinked compensatory variant in a functionally related gene 61 . Given the large number of host proteins required for HIV-1 replication and the increasing understanding of how their encoding genes vary in human populations, association strategies aimed at dissecting the effects of functional polymorphisms in these genes in large patient samples would be of great interest.
Prospects for the future There are several routes to discovery of novel gene variants that affect HIV-1 susceptibility and/or disease severity. To date, even the largest published GWAS (>2,500 samples) 11 has been underpowered to detect the types of modest-effect-size common variants that have been convincingly associated with other complex traits (Fig. 1) . To address this, an ongoing effort by the HIV-1 genomics community seeks to combine available genome-wide SNP data from multiple populations in the hopes of uncovering new associated regions and providing a more detailed understanding of potential causal variants in known regions 4 . Additionally, most genome-wide studies completed have focused on populations of European ancestry. Investigations in other populations, in particular those of African ancestry, have the potential to increase power to detect associated variants (when combined with data from European populations) and to uncover populationspecific variants not observed in European samples. Such studies will be facilitated by newer, comprehensive genotyping arrays that are more representative of global diversity. Along these lines, most GWAS data have been collected in men, even though men and women differ in terms of viral-load levels that lead to disease progression 62, 63 and there is evidence to suggest differential immune responses to HIV-1 between the sexes 64 . The genetic basis for these differences is not known and should be investigated.
Although genetic studies using genotyping arrays provide a comprehensive, genome-wide survey of common SNPs, their success relies on the principle that typed variants tag (through linkage disequilibrium) underlying causal variants. This is not always the case. Interestingly, the first GWAS of HIV-1 control observed that there were no individual SNPs that strongly tagged HLA-B*27:05, which is well known to reduce patient viral load. Many HLA variants are poorly tagged by individual SNPs 13 . Similarly, the CCR5∆32 polymorphism is not captured on commercial arrays and, due to the underlying haplotype structure, cannot be accurately imputed 4 . In addition to increasing power through larger samples, studies focusing on genetic effects not observable through GWAS should be a priority. These include structural variants (such as insertion or deletion polymorphisms and gene duplications), somatic rearrangement (such as TCR recombination), epigenetic modifications and rare variants (<1% frequency). In the near term, exome sequencing studies (i.e., targeted sequencing of the ~1.5% of the genome that is protein coding) should be pursued in population cohorts with disease progression measurements and extreme phenotypes. These studies have the potential to uncover lowfrequency functional variants that affect gene function individually or in combination within a single gene or across functionally related genes 65 Though discovery of genetic associations through this method will require very large sample sizes 66 , such studies may uncover functional polymorphisms in known HIV-1-interacting genes whose impact could be further investigated in laboratory studies.
Additionally, investigating the role of interactions between variants in two or more genes (such as the one described above between HLA-C and MIR148A) in affecting disease may provide insight. Though the multiple testing burden incurred through exhaustive pairwise genome-wide interaction screens makes discovery of subtle effects unlikely, targeted strategies starting with known regions may alleviate this to some degree. However, it will be crucial for these studies to appropriately control for confounders such as cryptic relatedness and population structure (which are easily corrected for by GWAS) to avoid reporting the types of spurious associations contributed by many candidate-gene studies.
Consideration of additional phenotypes, either in existing cohorts or through generation of new resources, that affect other aspects of HIV-1 infection or act as intermediate phenotypes to susceptibility or disease progression is warranted. These could include additional markers of disease progression or immune parameters, such as levels of immune activation, that may influence susceptibility and can be tested in a hypothesis-driven manner involving specific assays. Although this approach has been underutilized, one example includes the identification of a variant in the gene encoding IRF7, a key regulator of interferon-α (IFN-α), that associates with the amount of IFN-α production by plasmacytoid dendritic cells in response to HIV-1 in vitro 67 .
Given the current focus on HIV-1 cure research, another potential avenue for investigation is the genetic influence on the dynamics of the latent reservoir and reactivation. Interestingly, two studies that npg r e V I e w identified post-treatment controllers (i.e., individuals in whom no viral rebound is detected after cessation of therapy) did not observe an over-representation of protective HLA alleles (HLA-B*57:01 and HLA-B*27:05) in these individuals 68, 69 . Though these patients are rare, this observation suggests that host genetic factors influencing reactivation may, if they exist, lie outside of regions known to influence viral replication in untreated patients.
Finally, nesting genetic studies in clinical trials of novel therapies or prevention strategies could contribute to their overall success, as genetic variants can have a large impact on treatment outcome. For example, variants within the IL28B gene have been associated with a twofold increase in response to therapy for hepatitis C infection 70 . Similarly, given that the goal of many ongoing vaccine trials is to elicit effective cellular immune responses, understanding the background HLA allele frequencies (as was done for the RV144 vaccine trial) 71 could help tailor vaccines to populations or even individuals. Realization of the long-term goal of completely understanding host genetic factors that affect HIV-1 pathogenesis will require novel methods and lines of investigation. The role of wellphenotyped patient cohorts with genetic consent in achieving this goal cannot be overstated. 
